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Background Information. The satellite cells (SCs) associated with muscle fibres play a key role in postnatal growth
and regeneration of skeletal muscle. Commonly used methods of isolation and in vitro culture of SCs lead to
the mixture of their subpopulations that exist within muscle. To solve this problem, we used the well established
technique, the hanging drop system, to culture SCs in a three-dimensional environment and thus, to monitor them
in their original niche.
Results. Using hanging drop technique, we were able to culture SCs associated with the fibre at least for 9 days
with one transfer of fibres to the fresh drops. In comparison, in the classical method of myofibres culture, that is,
on the dishes coated with Matrigel, SCs leave the fibres within 3 days after the isolation. Cells cultured in both
systems differed in expression of Pax7 and MyoD. While almost all cells cultured in adhesion system expressed
MyoD before the fifth day of the culture, the majority of SCs cultured in hanging drop still maintained expression of
Pax7 and were not characterised by the presence of MyoD. Among the cells cultured with single myofibre for up
to 9 days, we identified two different subclones of SCs: low proliferative clone and high proliferative clone, which
differed in proliferation rate and membrane potential.
Conclusions. The hanging drop enables the myofibres to be kept in suspension for at least 9 days, and thus,
allows SCs and their niche to interact each other for prolonged time. In a consequence, SCs cultured in hanging
drop maintain expression of Pax7 while those cultured in a traditional adhesion culture, that is, devoid of signals
from the original niche, activate and preferentially undergo differentiation as manifested by expression of MyoD.
Thus, the innovative method of SCs culturing in the hanging drop system may serve as a useful tool to study the
fate of different subpopulations of these cells in their anatomical location and to determine reciprocal interactions
between them and their niche.
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Introduction
The satellite cells (SCs) are mononucleated cells that
were described over 50 years ago as the cells residing
cells; SCs, satellite cells; TMRM, tetramethyl rhodamine methyl-ester; m,
mitochondrial membrane potential.
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between myofibre and its surrounding basal lamina.
The SCs remain mitotically quiescent until injury or
disease of skeletal muscle. In response to such stimuli,
the SCs activate and generate a pool of muscle pre-
cursor cells (MPCs) that proliferate, differentiate and
fuse with each other to repair or replace damaged fi-
bres. Thus, SCs play pivotal role in postnatal growth,
regeneration and repair of skeletal muscle (Scharner
and Zammit, 2011; Yablonka-Reuveni, 2011). The
in vivo studies proved that SCs are able both to self-
renew and to generate differentiated progeny, thus
they meet requirements of muscle stem cells (Collins
et al., 2005). The SCs released from their niche un-
dergo activation and give rise to MPCs that are ca-
pable of fusion and differentiation during in vitro
culture, thus they may serve as an attractive in vitro
model of myogenic differentiation. Over the years, a
variety of protocols for isolation, culture and analy-
sis of SCs have been developed (Musaro and Barberi,
2010; Danoviz and Yablonka-Reuveni, 2012). One
of the commonly used methods for SCs isolation in-
volves mechanical disruption or enzymatic digestion
of muscle tissue. However, such procedure leads to
the mixing of SCs subpopulations that exist in the
skeletal muscle. A number of studies reported the
heterogeneity of SCs present in the same muscle or
even the same fibre (Biressi and Rando, 2010). These
different subpopulations of SCs differ in the expres-
sion of Myf-5 or CD34 markers (Beauchamp et al.,
2000; Kuang et al., 2007), in their ability for self-
renewal, differentiation (Zammit et al., 2004;
Conboy et al., 2007) or fusion (Rouger et al., 2004),
and many other properties. We have shown that at
least two subpopulations of SCs, which differ in the
proliferation rate, can be distinguished within the rat
myofibres (Rossi et al., 2010). These high and low
proliferative SCs also differ in their differentiation
potential as shown by in vitro analysis of clones that
arose from both types of SCs, and by in vivo studies
(Rossi et al., 2010). Briefly, the number of fibres en-
grafted by LPCs transplanted to injured muscle was
five times higher than by HPCs what indicates that
LPCs have higher regeneration potential.
Although analysis of SCs at clonal level can give
important insight into diversity of individual SCs, it
should be remembered that SCs isolated from myofi-
bres might behave differently than SCs exposed to the
signals released in the niche of myofibre (Kuang et al.,
2008). Thus, the alternative approach to study the be-
haviour of SCs would be a culture of isolated single
myofibres, where SCs retain their original anatomical
position and interaction with the fibre. The original
method of fibre isolation, developed in the seventies,
has evolved into different protocols, which use differ-
ent enzymes, substrates and methods of fibre agitation
(Anderson et al., 2012). Recently, the useful video
protocol describing the procedure of isolation and
culture of individual myofibres has been released on
Jove (Pasut et al., 2013). Usually, the isolated single
myofibres are plated on dishes coated with Matrigel.
This results in the exit of SCs from the parent fibres.
Subsequently, the SCs can be grown as a monolayer.
Another method, which allows for SCs to retain their
native position within the fibre, relies on the cultur-
ing of myofibres in suspension. This method however
is limited by the sedimentation of the fibres due to
the gravity, especially when rat myofibres are cul-
tured. This problem cannot be solved by agitation as
it can lead to incidental contact among the fibres in-
fluencing activation, proliferation and differentiation
of SCs. Here, we developed a novel approach to the
culture of SCs associated with the fibre that enables
to monitor, over an extended period of time, that is, 9
days, the fate of SCs within their original niche with
one medium change during the culture.
Results
To solve the problem of fibre sedimentation, we
adapted the hanging drop system that is commonly
used for inducing differentiation of embryonic stem
cells. When cultured in suspension, embryonic stem
cells form the three-dimensional aggregates, called
the embryoid bodies, composed of different cell types
and tissues (Keller, 1995). In our procedure, we
utilised a similar methodology to culture single rat
fibres in the hanging drops (Figures 1A and 1B,
see also Supplementary Movie 1). Single muscle fi-
bres together with associated SCs were isolated from
skeletal muscle using the conventional method devel-
oped by Bischoff, and Konigsberg and colleagues, and
modified by Rosenblatt and others (Bischoff, 1975;
Koningberg et al., 1975; Rosenblatt et al., 1995;
Rossi et al., 2010) (Figure 1B-1). Using anti-Pax7 an-
tibody immunostaining, we confirmed that isolated
fibres selected for the study were contained SCs and
devoid of any contaminating cells (as shown in Rossi
et al., 2010). The average number of SCs associated
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Figure 1 Experimental procedure
(A) Experimental procedure. The muscle, which should ideally include both tendons, is isolated, enzymatically digested and
gently triturated to release single myofibres. Steps 3 and 4 are representative of the single fibre selection and creation of a 30 μl
drop containing a single fibre. For the immunostaining procedure, after 5 days in hanging drop, the fibres are transferred to a
cover glass with a glass pipette. (B) Representative images of the subsequent steps to obtain hanging drop containing single
fibre (bar: 50 μm). 1 – Mixture of fibres after enzymatic digestion, 2 – single fibre devoid of contaminating cells, 3 – selection of
the single fibres, 4 – placing of the single fibres in the drops, 5 – the Petri dish with hanging drops containing single fibres, 6 –
fixation, immunostaining and mounting of single fibres. For details of procedure, see Supplementary Movies 1 and 2. (C) Freshly
isolated fibre stained with laminin, the component of basal lamina surrounding the fibre. All nuclei stained with DAPI are under
the basal lamina. Bar represents 50 μm.
with freshly isolated myofibres was 5 ± 0.8 (Table 1).
The purity of fibres was further confirmed by staining
with laminin showing that just after the isolation all
the nuclei were under the basal lamina (Figure 1C).
Selected fibres were placed in the drops made on the
cover of a Petri dish (Figures 1B-2–4, Supplemen-
tary Movie 1). Next, the cover was turned upside
down and placed on the base of the same Petri dish,
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Table 1 Representative data obtained from FDB fibres hanging drop cultures
Days
Number of fibres
(viability compared
to day 0 is
shown%)
Number of
viable fibres
with clones (%)
Number of
clones per
fibre
Untransferred
fibres
(viability%)
Transferred
fibres to new
hanging drop
(viability%)
Transferred
fibres to dish
with Matrigel
Transferred
fibres to dish
with HS
Fixed and
analysed
fibres by ICC
0 150 (100%) 0 5+/–0,8a
2 141 (94%) 0
4 116 (77%) 82 (71%) 4,81b
5 115 (77%) 105 (91%) HPC:76% 33 21 14 14 33e
LPC:24%d
9 10 (7%)c 10 (100%) HPC:76% 2 (6%) 8 (38%) 14 adhered 14 adhered
LPC:24%
aNumber of satellite cells per fibre.
bFor details see Rossi et al, 2010 (ref 12).
cNumber of both untransferred fibres and fibres transferred to new hanging drop is summarised and shown.
dDetails in Rossi et al 2010: HPC: 3.63 ± 0.8 (76%) LPC: 1.8 ± 0.7 (24%) (ref 12).
eThe total number of cells present on the surface of analysed fibres was 627 (the average number of cells per fibre was 19).
which was filled with PBS to prevent evaporation
of the hanging drops (Figure 1B-5, Supplementary
Movie 1). Such a method is commonly used to cul-
ture the embryoid bodies (Keller, 1995).
In the current study, we compared the fate of fibres
cultured in hanging drops, cultured in classical
method, that is, on dishes coated with Matrigel, and
on dishes coated with horse serum (HS) that prevents
adhesion of myofibres. Within 3 days after isolation
all myofibres cultured on Matrigel-coated dishes
adhered to the bottom (Figure 2A-1). This lead to
immediate migration of activated SCs from the fibres
and expansion of the MPCs population (Figure 2A-2).
Rat fibres cultured in HS-coated dishes indeed ad-
hered with delay (Figure 2A-3) but even in such
conditions, virtually all fibres were found attached
to the bottom of the dish before the fifth day
(Figure 2A-4). In contrast, the culturing of the
myofibres in hanging drops allowed them to stay
in suspension for at least 9 days. Typically, during
the first 3 days of culture in hanging drop, the SCs
appeared on the surface of the fibres giving rise to
the high proliferative clones (HPCs) and the low
proliferative clones (LPCs). On the fourth day of cul-
ture, the HPCs and LPCs were present on the surface
of 71% (82/116) of fibres, whereas on the fifth day of
culture, 91% of fibres (105/115) had distinguishable
clones on their surface (Figure 2A-6; Table 1). Each
fibre placed in separate drop was easily identifiable
(Supplementary Movie 1) and examined under the
microscope. Since prolonged culture in hanging
drops can be detrimental due to the limited amount
(30 μl) of medium within the drop, we assessed
the viability of the fibres cultured in suspension
using this system. After 2 days of culture in hanging
drops, 94% (141/150) of fibres were viable, whereas
on the fifth day of culture, 77% of fibres (115/150)
(Figure 2B; see also Table 1). The sharp decline in
the viability of fibres was noticed only on the ninth
day of the culture. At this time point, only 6% of
fibres (2/33) were viable, whereas the most of fibres
became shrunken, twisted and started to degenerate
(Figures 2B and 2C). To check whether the presence
of fresh medium increases viability of the fibres, we
transferred fibres cultured in hanging drop for 5
days to new hanging drops (n = 21) or to the Petri
dishes covered with Matrigel or HS (n = 14 in each
version of experiment; Table 1). Fibres transferred to
new hanging drops stayed in suspension (Figure 2C),
whereas fibres transferred to Petri dishes immediately
adhered to their surface. This led to the appearance of
MPCs followed by a rapid formation of multinuclear
myotubes (data not shown). Thirty eight percent
(8/21, see Table 1) of fibres transferred to new hanging
drops were found viable 4 days later (i.e., 9 days after
isolation from muscle). Thus, the survival rate was
higher for fibres transferred after 5 days of culture to
drops of fresh medium than for those cultured in the
same drops for 9 days (38% vs. 6%; Figure 2B). Trans-
ferred fibres were slightly twisted but to lesser extent
than fibres that stayed in the same drop for 9 days
(Figure 2C).
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Figure 2 Culture of rat myofibres in hanging drop
(A) Single fibres obtained from skeletal muscle by enzymatic digestion and purified of contaminating cells cultured on Petri
dishes coated with Matrigel (1 and 2), HS (3 and 4) or in hanging drop (5 and 6). Bar represents 50 and 100 μm. Drops with
a single myofibre each were made on the upper part of Petri dish, which then was turned upside down, while the lower part
was filled with PBS. For details, see Supplementary Movie 1. (B) Viability of fibres cultured continuously in the same drop or
transferred into a new drop at 2, 5 and 9 days. The viability of fibres cultured in the same hanging drop decreased significantly
at day 9 of culture (P = 0.02). Three independent experiments were performed. (C) Representative photos showing the fibres
cultured in the same drop for 9 days (not transferred) or transferred to a new hanging drop at day 5, and cultured for another
4 days (bar: 50 μm). The different shape of the fibres in the two conditions is clearly visible. Drop change after 5 days results in
increased viability of the fibres.
Importantly, both HPCs and LPCs were noticeable
on the surface of over 90% of fibres on the fifth day of
culture (Figure 2A, Table 1). The average number of
clones per fibre (n = 33) was 4.81. Each of examined
fibres contained similar percentage of HPCs and LPCs
clones: 24% of HPCs (1.15 ± 0.7 per fibre) and
76% of LPCs (3.63 ± 0.8 per fibre), respectively. We
also found that HPCs represented 24.5% (39/159) of
all clones observed on the surface of analysed fibres
(n = 33), whereas LPCs represented 75.5% (120/159)
of all clones.
The total number of cells present on the fibres
analysed after 5 days of the culture in hanging drops
(n = 33) was 627 (Table 1). In comparison, the to-
tal number of cells cultured in adhesion for 5 days
was 13.5 × 103 for all three experiments (150 fi-
bres in total). Thus, in the adhesion culture the aver-
age number of cells obtained from one fibre was 90
(13.5 × 103/150), whereas in hanging drops system
19 (627/33). The number of cells cultured in adhe-
sion was determined using hemocytometer, whereas
the number of cells cultured in hanging drop was es-
timated using confocal microscope and Z stack func-
tion (for details please see Materials and Methods
section).
Because any contact of isolated fibres with plastic
surface led to their rapid adhesion and/or resulted in
their degeneration, the whole immunostaining pro-
cedure was performed using glass equipment only.
For transferring fibres, we used glass pipette com-
monly used for oocyte and embryo manipulation
(Figures 1A, 1B–6, see also Supplementary Movie
2) (Williams et al., 2011). Moreover, all steps of the
immunostaining procedure were performed on glass
slides (Figures 1A, 1B–6, see also Supplementary
Movie 2). The analysed fibres were fixed and processed
for immunostaining against MyoD, a transcription
factor expressed in activated SCs, and against Pax7, a
marker of SCs. Analysis of stained fibres revealed that
after 5 days in hanging drop both MyoD positive and
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Figure 3 Analysis of myofibres cultured in hanging drop
(A) Left panel. Representative photos showing MyoD, Pax7 and nuclei images of 5 days hanging drop culture. For details, see
Supplementary Movie 2. Bar represents 20 μm. Right panel. Representative photos showing MyoD, Pax7 and nuclei image
of 5 days adhesion culture. Bar represents 20 μm. Graph. Comparison of MyoD, Pax7 and MyoD/Pax7 positive cells counted
after 5 days of culture in hanging drop or in adhesion culture, respectively. P = 0.01 for the first two. (B) Live imaging on single
isolated myofibres. Confocal images showing phase contrast (1, 5) and TMRM fluorescence (2, 6) as measurement of m . LPC
(1, 2) shows, in this culture condition, a lower m compared with HPC (5, 6). m was measured using TMRM fluorescence
and confocal imaging (bar: 50 μm). (4, 8) 3D models of single fibre with cells of low and high TMRM uptake. Right panel:
Diagram shows the maximum fluorescence intensity between the low and high TMRM uptake cells (***P < 0.001). The increase
of membrane potential in HPCs compared to LPCs is related to its higher glycolytic metabolism.
Pax7 positive clones were present on the surface of the
fibres (Figure 3A left; see also Rossi et al., 2010). Our
immunostaining analysis showed that the percentage
of Pax7/MyoD positive cells in both conditions
was very similar (Figure 3A graph; Supplementary
Table 1), whereas the percentage of Pax7 positive
cells was almost three times higher among cells cul-
tured for 5 days in hanging drop than those ones that
were cultured in adhesion (Figure 3A graph; 68%–
25%, differences statistically significant P = 0.01;
Supplementary Table 1). At the same time 88% of
cells cultured in adhesion were MyoD positive while
only 44% of cells cultured in hanging drop revealed
presence of this factor (Figure 3A graph; P = 0.01;
Supplementary Table 1). In both culture systems, we
also found cells that did not express Pax7 neither
MyoD, that is, were double negative (Supplementary
Table 1; Supplementary Figure 1). In addition, ex-
pression of Myf-5 in cells cultured in both systems
for 5 days was determined. Immunocytochemistry
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analysis revealed that nearly all cells cultured in both
systems expressed Myf-5 (99% of cells cultured in
adhesion and 91% of cells cultured in hanging drop,
differences statistically significant P < 0.001; Sup-
plementary Figure 2).
Low frequency of MyoD expression in SCs cul-
tured in hanging drops could be related to the de-
cline in the viability of muscle fibres we observed.
To verify such possibility we transferred the fibres
cultured in hanging drops for 5 or 9 days to six-
well dishes equipped with glass slides and covered
with Matrigel. In such conditions, the fibres imme-
diately adhered to the dishes and proliferating cells
originating from SCs appeared. Cells were fixed and
proceeded for immunocytochemistry analysis, that is,
were stained with Pax7 and MyoD antibodies. The
proportion of MyoD, Pax7 and MyoD/Pax7-positive
cells was estimated on the basis of confocal micro-
scope analysis (Supplementary Table 2) and was sim-
ilar for all types of the adhesion culture. We have
also determined the expression of Pax7 and MyoD in
cells cultured in hanging drop for 9 days with the
medium change after 5 days of the culture. Any sig-
nificant changes have been noticed when compared
with cells cultured in hanging drop for 5 days with
the exception of double negative cells (Pax7-/MyoD-)
which represented bigger subpopulation after 9 than
after 5 days (Supplementary Table 3).
We have previously showed that HPCs and LPCs
differ in their metabolism as reflected by mitochon-
drial performance (Rossi et al., 2010). Thus, in the
next step, we assessed the physiological compliance of
hanging drop system for myofibres culture by mon-
itoring the mitochondrial physiology of SCs clones
using tetramethyl rhodamine methyl-ester (TMRM).
This potentiometric dye is routinely used to mea-
sure the mitochondrial membrane potential (m)
(Floryk and Houstek, 1999). The m is a key indi-
cator of cellular viability as it displays the pumping
of H+ (hydrogen ions) across the inner mitochondrial
membrane, which is driven by the electron transfer
chain and the adenosine triphosphate production (ox-
idative phosphorylation) (Tahara et al., 2009). Elec-
tron transfer chain consists of an enzymatic series of
electron donors and acceptors where passage of these
electrons releases energy. This energy is utilised for
active pumping H+ across the membrane into the
mitochondrial intermembrane space and generation
H+ gradient. In the next step, energy released dur-
ing H+ transport back to mitochondrial matrix is
deposited in adenosine triphosphate produced dur-
ing oxidative phosphorylation. The changes in m
via a simple relationship to the TMRM concentration
allow to assess the mitochondrial potential of the cell.
Parental myofibres were incubated with 50 nM
TMRM and the uptake capacity of SCs was assessed
via confocal microscopy. This method showed that
at day 5 after the fibre isolation LPCs and HPCs
were easily distinguishable by their different capac-
ity to accumulate TMRM, that is, they were charac-
terised by different m (Figure 3B; low TMRM up-
take cell: 254.67 ± 49.06 and high TMRM uptake
cell: 3900.13 ± 572.63 arbitrary units; P < 0.001).
Discussion
In the current study, we described the method that
enables the fibres to be kept in suspension for at least
9 days with one medium change during the culture.
In the classical method of myofibre culture, that is, on
the dishes coated with Matrigel, fibres adhere to the
bottom of dish within 3 days after the isolation. This
results in the immediate migration of activated SCs
from the fibres and expansion of the MPCs popu-
lation as showed also in our study. Covering the
bottom of the dish with HS only slightly delayed
this process since before the fifth day of culture
all fibres were found attached to the bottom of the
dish. In contrast, myofibres cultured in hanging drop
stayed in suspension for at least 9 days, what al-
lows to monitor the fate of the SCs in their natu-
ral niche for prolonged time. Although we focussed
here on the culture of fibres isolated from flexor dig-
itorum brevis (FDB) muscle, the same protocol can
be used for culturing fibres from different muscles,
such as extensor digitorum longus, Soleus and tibialis
anterior.
The hanging drop allows SCs and their niche to
interact each other, whereas in a traditional adhe-
sion culture, the muscle stem cells devoid of signals
from the niche activate and preferentially undergo
differentiation. This was manifested by the different
expression of Pax7 and MyoD in cells cultured using
these two systems. While almost all cells cultured
in monolayer system activated and expressed MyoD
before the fifth day of culture, the majority of SCs
cultured in hanging drop system still maintained ex-
pression of Pax7 and were not characterised by the
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presence of MyoD. Additional experiments revealed
that any significant differences in the expression of
Pax7 and MyoD exist among cells that were placed
in adhesion culture immediately after their isolation
from the muscle (first adhesion culture) and those
that were first cultured in hanging drop and then
transferred to adhesion culture (second adhesion cul-
ture). Thus, we concluded that the low frequency of
MyoD expression in SCs cultured in hanging drop
was connected with this culture system, not viability
of the fibres. In other words, SCs cultured in adhe-
sion and devoid of the niche signals rapidly undergo
activaton. In addition, over 90% of cells cultured in
both systems expressed Myf-5 which was shown to
be present in the majority of the quiescent SCs and is
also recognised as the marker of the myogenic com-
mitment (Tajbakhsh et al, 1996; Beauchamp et al.,
2000). As shown in the elegant studies of Kuang
et al. (2007), committed myogenic progenitors ex-
press Myf-5 while SCs that do not express this factor
represent the subpopulation of stem cells. Since sig-
nificantly more Myf-5-negative cells were detected
in hanging drop culture than in adhesion culture,
one can conclude that more stem cells are present in
hanging drop system.
Although immunostaining procedure may seem to
be tricky, it can be easily imitated as shown by the
Supplementary Movie 2. More importantly, it is the
only method that enables immunochemistry analysis
of SCs progeny associated with fibres and cultured in
suspension for such a prolonged time. In the current
study, we confirmed that two types of SCs progeny,
that is, HPCs and LPCs exist on the surface of the fi-
bres cultured in suspension. We have not noticed any
specific location of those clones on the fibres surface –
the clones were randomly localised on the fibres.
Thus, in our opinion any characteristic pattern for
location of those clones exists.
Analysis of mitochondrial membrane potential
confirmed our previous observation regarding differ-
ences of mitochondrial metabolism in SCs subpopu-
lations analysed at clonal level (Rossi et al., 2010).
However, even more importantly, it also underlined
the physiological compliance of hanging drop system
for myofibres culture and showed that the hetero-
geneity of mitochondrial metabolism is an intrinsic
property of SCs populations and not the consequence
of culturing conditions. In the current study, we also
confirmed that both the number of clones as well as
a proportion of HPCs and LPCs are constant for each
fibre (Rossi et al., 2010).
In summary, the hanging drop technique repre-
sents a useful tool, which enables a prolonged mon-
itoring of SCs within their niche, beneath the basal
lamina that surrounds each muscle fibre. By com-
bining procedures used for single fibre isolation with
hanging drop method we established the culture sys-
tem that – for the first time – allows keeping fibres
in suspension for prolonged time, that is, overcomes
the problem of accidental fibres’ attachment to the
dish leading to the migration of activated SCs. This
method can be applied inter alia for culturing SCs as-
sociated with fibres obtained from genetically manip-
ulated mice, expressing reporter genes in SCs (Mon-
tarras et al., 2005; Day et al., 2007). We believe that
culture of myofibres in hanging drops may serve as
an extremely useful tool because it does not require
any special reagents or resources, can be performed
in any cell culture lab, and is suitable for mouse and
rat muscles regardless of strain or age of animals.
Therefore, this technique can be applied for exam-
ple to study the fate of different subpopulations of
SCs in their anatomical location, and to determine
reciprocal interactions between SCs and their niche.
Moreover, it can serve as an excellent tool for studying
the influence of different factors, for example, added
to culture medium, on the SCs located in their natural
environment and, as consequence, it should enhance
our understanding of the factors regulating the fate
of SCs.
Materials and methods
Isolation of single fibres
Single muscle fibres with associated SCs were isolated from FDB
muscle of 3–4 month Sprague–Dawley wild type rat as pre-
viously described (Rossi et al., 2010). Animal care and exper-
imental procedures were performed in accordance with “D.L.
27–1–1992, number 116, applicative declaration of Healthy
Minister number 8 22–4–1994”. Single fibres were obtained by
enzymatic digestion of muscle with 0.2% (w/v) type I colla-
genase (Sigma–Aldrich) solution in high-glucose DMEM with
L-glutamine, supplemented with 1% penicillin–streptomycin
(GIBCO-Invitrogen), at 37°C for 3 h. After digestion, the mus-
cle were transferred to 100 mm Petri dish filled with plat-
ing medium [low-glucose DMEM, 10% HS, 1% penicillin–
streptomycin (GIBCO-Invitrogen), 0.5% chicken embryo
extract (MP Biomedicals)] and gently triturated with a wide-
bore pipette to release single myofibres. Under the phase con-
trast microscope viable fibres were selected and transferred with
100 μl pipette to 100 mm Petri dish containing 10 ml of plating
medium (first dilution). To avoid the presence of contaminating
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cells, fibres were subsequently transferred to another 100 mm
Petri dish containing 10 ml of plating medium (second dilution).
Viable fibres, devoid of any contaminating cells, were then trans-
ferred to 100 mm Petri dishes containing 10 ml of proliferating
medium [low-glucose DMEM, 20% foetal bovine serum, 10%
HS, 1% penicillin–streptomycin (GIBCO-Invitrogen), 0.5%
chicken embryo extract (MP Biomedicals)] and coated with Ma-
trigel (Becton-Dickinson) or HS (Gibco-Invitrogen). Three in-
dependent experiments were performed with 50 fibres selected
for each culture. Fibres were cultured for 5 days at 37°C, 5%
CO2 in a humidified incubator (Heraeus BDD 6220).
In additional set of experiments, 50 pure and viable fibres
were placed in six-well dishes equipped with glass slides and
covered with Matrigel. After 5 days of culture, cells from two
randomly selected wells were incubated with trypsin, collected
and counted using hemocytometer. Next, cells were fixed with
4% paraformaldehyde (Sigma–Aldrich) in PBS, rinsed in PBS
and processed for immunocytochemistry analysis. Three inde-
pendent experiments were performed.
Culture of single fibres in hanging drop
Pure and viable single fibres were transferred with 100 μl pipette
to drops of proliferating medium. Each 30 μl drop contained
one single fibre devoid of contaminating cells. Twenty drops
were made on the cover of 100 mm Petri dish (Falcon), whereas
the lower part of dish was filled with PBS to prevent evapo-
ration (see Supplementary Movie 1). Fibres were cultured for
5 days in standard conditions (37°C, 5% CO2). Three indepen-
dent experiments were performed with 50 fibres selected for each
culture. On the third day, LPCs and HPCs were visible on the
fibres, and were easily distinguishable on the basis of cell number
per clone (Rossi et al., 2010). On the fifth day of the culture,
viable fibres were divided into four groups: (1) were fixed for
immunostaining, (2) were transferred to 100 mm Petri dishes
coated with Matrigel or HS and containing 10 ml of fresh pro-
liferating medium, (3) were transferred to new hanging drops,
(4) were left in the same hanging drops. Fibres were cultured for
another 4 days in standard conditions. Viability and morphology
of fibres were monitored every day.
Immunofluorescence
Myofibres cultured in hanging drop for 5 days were transferred
with a glass pipette to glass slide (see Supplementary Movie
2). Proper glass pipette can be obtained by pulling Pasteur
pipette in a flame as in the case of typical embryo handling
pipettes used for the collection and movement of embryos be-
tween culture dishes (e.g., Williams et al., 2011) or can be
purchased from company (e.g., Reproline Medical). All steps of
immunostaining procedure were performed on the glass slides
to keep fibres all the time suspended in liquids/reagents used
for fixation, rinsing, blocking and staining. Fibres were fixed
with 4% paraformaldehyde (Sigma–Aldrich) in PBS (GIBCO-
Invitrogen), rinsed in PBS and permeabilised with 0.5% Tri-
ton X-100 (Fluka) in PBS. After washing, fibres were incu-
bated with 3% BSA (GIBCO-Invitrogen) in PBS and then with
primary antibodies, overnight at 4°C. Monoclonal mouse anti-
Pax7 (DSHB, Iowa, 1:5 dilution), polyclonal rabbit anti-MyoD
(Santa Cruz, 1:50 dilution), polyclonal rabbit anti-Myf-5 (Santa
Cruz, 1:50 dilution) and anti-laminin (Sigma, 1:100 dilution)
antibodies were used. Fibres were then washed and incubated
with fluorochrome-conjugated secondary antibodies for 1 h at
room temperature. Alexa Fluor donkey anti-mouse 594 and
Alexa Fluor donkey anti-rabbit 488 (Molecular Probes, 1:200
dilution) antibodies were used. After washing, the nuclei were
visualised with DAPI (100 ng/ml, Sigma–Aldrich) and fibres
were mounted with fluorescent mounting medium (DAKO).
Immunofluorescence analysis was performed using a fluores-
cence microscope (Leica B5000) or confocal microscope (Axiovert
100M, Zeiss) with LSM510 program. Using Z stack function we
counted the cells in all clones that were visible on the surface
of the analysed fibres (n = 33) as well as determined the cell
number per each fibre. On the basis of such results the total cell
number has been calculated.
Membrane potential of single myofibre
Single myofibres with associated SCs were isolated and cultured
in hanging drop for 5 days. Each fibre was incubated with 50 nM
TMRM (Invitrogen) for 1 h to measure the m. TMRM accu-
mulates in the mitochondria as the function of the difference (A)
in potential between extra and intra mitochondrial spaces being
therefore direct read-out of H+ homeostasis in the mitochon-
drial matrix (Floryk and Houstek, 1999; Droge, 2002; Tahara
et al., 2009). Mitochondrial depolarisation is seen as the move-
ment of dye from mitochondria into the cytosol. Fluorescent
images were captured using Zeiss 510 LSM confocal microscope
equipped with a 40× oil-immersion lens. Records of m in
living fibres have been performed preserving identical parame-
ters of: (1) Laser power, (2) Gain for Laser Acquisition and (3)
Pinhole Aperture among the experimental groups. TMRM flu-
orescence intensity was quantified after removing background
signals and measuring the mean fluorescence intensity in the
pixels containing mitochondria. Thus, the signal reflected the
dye concentration within individual mitochondrial structures
and was independent of mitochondrial mass. Normalisation for
mass and number of mitochondria would be a mistake since
TMRM is inadequate to assess mitochondrial mass despite some
of the potentiometric dyes are used to do this. This differs a
great deal from the organelle’s overall geometry (Duchen et al.,
2003; Campanella et al., 2008). Each TMRM analysis was nor-
malised using the response to the mitochondrial depolarisation
by 1 mM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
which served as a benchmark for the final values extrapolated.
This was done according to methodology used in Rossi et al.
(2010).
Statistical analysis
Data are presented as mean ± standard deviation (s.d.). Com-
parison between groups used the t-test assuming two-tailed dis-
tribution and alpha level of 0.05.
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